A drastic modification of electronic band structure leading to the magnetoresistance is predicted in bilayer graphene when it is placed between two ferromagnetic insulators. Due to the exchange interaction with the proximate ferromagnet, the electronic energy dispersion in the graphene channel strongly depends on the magnetization orientation of two ferromagnetic layers, M 1 and M 2 . While the parallel configuration M 1 = M 2 leads to simple spin splitting of both conduction and valence bands, an energy gap is induced as soon as the angle θ between M 1 and M 2 becomes non-zero with the maximum achieved at θ = π (i.e., antiparallel alignment). Consequently, bilayer graphene may exhibit a sizable magnetoresistance effect in the current-in-plane configuration. A rough estimate suggests that the resistance change on the order of tens of percent is possible at room temperature.
With the advent of free-standing atomically thin graphite films (or graphene), 1 unusual properties related to the two-dimensional Dirac-like relativistic spectrum of the honeycomb carbon lattice 2 put graphene in the forefront of emerging carbon based electronics. Among others, the half-integer quantum Hall effect 3,4,5 observed even at room temperature, 6 high carrier mobility, easy control of electron and hole concentrations via variation of applied bias, absence of weak localization and universal minimal conductivity at the Dirac point with zero density of states have attracted significant theoretical and experimental attention to electronic transport in graphene.
7,8,9
The spin dependent properties of graphene also offer fascinating opportunities. In most studies, the starting point of consideration is its extremely small spin-orbital coupling compared to typical semiconductors. 10, 11 Consequently, graphene exhibits long electron spinrelaxation time 12 and mean free paths 13, 14 even at room temperature. 15 However, this very advantage (i.e., the weak spin-orbital interaction) presents a severe challenge in spin manipulation or selection via electrical control. One possible approach may be to utilize the electron exchange interaction with proximate ferromagnetic layers and the resulting effective magnetic field.
16,17
It was found very recently that bilayer graphene (BLG) offers a host of novel phenomena through external modification of the energy band structure. 18, 19, 20, 21, 22 Particularly, it was shown that a gap opens up between the conduction and valence energy bands when a potential difference u is introduced in the two graphene layers. Moreover, the parabolic band structure near the non-equivalent K and K ′ points 23 transforms to a Mexican-hat-like dispersion with u = 0. 19 Likewise, a non-trivial response may be expected in BLG to the symmetry-breaking spin-dependent interactions.
In this study, the properties of BLG sandwiched between two insulating/dielectric ferromagnets with magnetic moments M 1 and M 2 are exploited based on an 8 × 8 tight-binding model. Similar to the electrical bias, the calculation predicts a significant modification of the electronic band structure when the constituting graphene layers are subject to un-equal exchange interactions with the proximate magnetic ions. A particularly interesting feature appears for ferromagnetic layers with identical magnitude of the magnetic moments
, where u = 0 and the potential asymmetry is not a factor. As the alignment of M 1 and M 2 deviates from each other, the spin interactions reveal an asymmetry that can alter the BLG energy bands (including an energy gap) and subsequently the in-plane con-ductivity. The resulting magnetoresistance effect can play an important role in the carbon based spintronics. In the case of monolayer graphene, on the other hand, the net effect of two magnetic layers simply reduces to electron spin splitting in the effective field induced by the vectorial sum M 1 + M 2 . 
where H BL is the spin-independent BLG Hamiltonian. Two remaining terms of Eq. (1) describe the energy of an electron spin S in the effective fields (in units of energy) αM 1 and αM 2 of the proximate FDLs. Accordingly, projection operator P 1 (P 2 ) is 1 for the electron localized at the bottom (top) carbon monolayer and 0 otherwise. Parameter α is proportional to the carrier-ion exchange constant as evaluated in Refs. 16 and 17.
In the case of low energy electronic excitations, the tight-binding approximation 19 can accurately describe the BLG band spectra as recently demonstrated in a density functional calculation. 21 Hence, we adopt the tight-binding Hamiltonian near the valley extrema in a basis that constitutes the components ( and γ 3 (= 0.3 eV), respectively; hence, γ 3 < γ 1 ≪ γ. At zero magnetic field, Eq. (1) for the lowest electronic states in the K and K ′ valleys can be expressed in terms of the in-plane electron momentum k = (k x , k y ) defined from the centrum of each valley as
where the index κ separates the case of K (κ = +1) and
, and v = √ 3aγ/2 is the electron velocity at the Fermi energy in monolayer graphene. 3 In addition, the term
is responsible for the trigonal warping, where a = 0.249 nm is the length of lattice unit The specified conditions leads to the energy spectra of each valley consisting of eight non-degenerate branches ε n (k) that are identical for conduction and valence bands and isotropic with respect to the valley centrum (i.e., independent of ϕ). Two spin pair solutions correspond to the excited states with energies |ε n (k)| γ 1 that are beyond the current interest. Hence, only the remaining four low-energy bands ε n = ε n (k) are considered. As it is convenient to normalize the parameters in units of γ 1 , the dimensionless momentum p ≡ vk/γ 1 and the exchange field G ≡ αM/γ 1 are introduced hereinafter. The low energy bands ε n = ±γ 1 E ± can be expressed as
where
for 0 θ π. Two solutions with ε n > 0 correspond to the lowest conduction bands, while their mirror images with respect to the zero energy describe the highest valence bands.
The most remarkable outcome of the calculation is the presence of an energy gap E g between the lowest conduction band and the highest valence band for θ = 0 as shown in Fig. 2 . When the orientation of M 1 and M 2 is in parallel alignment [θ = 0, Fig. 2(a) ], the net effect of the exchange interaction simply lifts the two-fold spin degeneracy resulting in two pairs of spin-split bands that cross each other at p = G(1 + G/2)/2. However, once they are disaligned, the electronic bands become of mixed spin character (e.g., with both parallel and antiparallel components to the x direction). Subsequent anti-crossing opens up the gap that progressively grows with θ.
the conduction and valence bands are merged to form two doubly degenerate states with In general, the bandgap induced in BLG can be expressed in term of the deviation angle θ as
Evident from this equation, the strength of the effective field G determines the size of E g .
If its magnitude is comparable to the thermal energy (strictly speaking γ 1 G k B T as G is a normalized quantity), the orientation dependence in Eq. (5) may manifest itself through the variation of electron/hole population. At the same time, the carrier velocity in BLG is also strongly affected as indicated by the flattening of the bands with increasing θ in Fig. 2 . Clearly the conductivity in the BLG channel can be modulated by the effective fields from the two ferromagnetic barriers, leading to a sizable magnetoresistance effect in the current-in-plane configuration.
The effect of both conduction/valence band separation and deformation on the magne-toresistance R(θ) can be taken into account in the one-electron approximation in terms of Kubo-Greenwood formula for conductivity 25, 26 
where e is the electron charge, m and n the subband indices,
the velocity operator, and f the Fermi-Dirac function. The case of ballistic conductivity is examined at finite temperature. 27 The specific property of interest is the relative change σ xx (θ)/σ xx (0) as a function of θ. Utilizing G ≪ 1 in most cases, our analysis reveals that it depends most sensitively on a single parameter γ 1 G/k B T as expected. Figure 3 provides the calculated σ xx (θ)/σ xx (0) as well as the corresponding change in the electron/hole concentra-
The comparatively weaker decrease of n (in reference to σ xx ) as θ rotates signifies a major contribution of the mobility variation due to the flattened band structure.
Assuming a sensitive response of M 2 to the external magnetic field, one can define the magnetoresistance as a difference of the BLG resistance R(0) ∼ 1/σ xx (0) at exhibited at µ = 0 (i.e., µ at the mid gap). ξ also saturates at smaller effective fields as µ gets closer to the conduction/valence band edge. An important point to note is that the magnetoresistance effect of tens of percent is possible once the exchange field strength γ 1 G (≡ αM) is comparable to the thermal energy. By comparison, the alternative approach based on spin-valve devices in monolayer graphene reveals only a feeble magnetoresistance due to the weak dependence of the graphene conductivity on the electronic details of the ferromagnetic leads.
28
As a practical matter, the strength of the exchange field G is of major importance.
Considering a large variety of potential FDL/graphene interfaces and the current lack of relevant information, however, a priori evaluation of G may be possible only in a very rough 
